It is well documented that microbial contamination of coastal waters poses a significant risk to human health through recreational exposure and consumption of shellfish. Identifying the source of microbial contamination (microbial source tracking) plays a dominant role in enabling effective management and remediation strategies. One method used to determine the source of the contamination is quantification of the ratio of the four subgroups of F ؉ -specific RNA coliphages (family Leviviridae) in impacted water samples. Because of typically low concentrations in the environment, enrichment assays are performed prior to detection, even though differential replication rates have been reported. These assays are also compromised by differential loss of phage infectivity among subgroups after release into the environment, thus obscuring the initial ratio. Here, a culture-independent multiplex real-time reverse transcriptase-PCR (RT-PCR) protocol for the simultaneous quantification of all four subgroups of F ؉ -specific RNA coliphages using novel primer sets and molecular beacons is presented. This assay is extremely sensitive, achieving detection with as few as 10 copies of isolated coliphage RNA, and is linear for a minimum of six orders of magnitude. During survival experiments, the real-time RT-PCR technique was able to quantify coliphages in seawater when culture-based double agar layer assay failed. While infectivity was lost at different rates at the subgroup level, decay constants in seawater, calculated using the real-time RT-PCR estimates, did not vary among subgroups. The accurate determination of the in situ concentration of F ؉ -specific RNA coliphages using this method will facilitate more effective remediation strategies for impacted environments.
Microbial contamination of lakes, rivers, estuarine, and coastal waters poses a major risk to human health through consumption of organisms that inhabit these environments as well as through recreational exposure. Identifying the source of microbial contamination (microbial source tracking) plays a dominant role in the types of actual risk and enabling effective management and remediation strategies. In their current form, monitoring programs and identification protocols for determining the magnitude of fecal contamination are unable to differentiate between human and nonhuman sources of fecal contamination. Therefore, there is a critical need for a method that allows reliable discrimination of human and nonhuman microbial contamination.
Over the last three decades, several methods have been proposed to discriminate between human and nonhuman fecal contamination in surface waters using different microorganisms (e.g., Bifidobacterium spp., Bacterioides fragilis phages, Clostridium perfringens, Escherichia coli, F ϩ -specific RNA coliphages, fecal streptococci, Rhodococcus coprophilus, and bovine enterovirus) as well as various chemical compounds (e.g., caffeine, laundry detergents, fecal sterols, stanols, etc.) (30, 32) . As an indicator organism, Escherichia coli has been most extensively studied. Several phenotypic and molecular methods have been applied for microbial source tracking using this organism, including multiple antibiotic resistance patterns (18) , immunological assays (24) , denaturing gradient gel electrophoresis (2, 8) , repetitive element PCR (3, 5) , amplified fragment length polymorphism (15) , and ribotyping, among others (25) .
While some of these methods have been relatively successful in field studies, many concerns have been expressed lately, especially with E. coli-based techniques. These criticisms include reference database issues (limited and location specific), changes in subpopulations during transition from primary (host) to secondary (outside the host) habitat, variations in methodology, reproducibility concerns, requirement for cultivation, and cost and time demands (15, 31) . Based on extensive genetic diversity studies, Gordon (12) stated that any program attempting to identify the sources of fecal contamination focusing on commensal E. coli appears to have very limited value. A similar conclusion was reached more recently based on discrepancies between cluster and discriminant function analyses results (19) . Therefore, it has been suggested (7) that tracking bacteria other than E. coli may be a more valid approach, and the quest for an ideal indicator organism continues. F ϩ -specific RNA coliphages constitute the taxonomically distinct family Leviviridae (21) . This family contains two genera, Allolevivirus and Levivirus (21) , which both contain two distinct subgroups based upon serological cross-reactivity (9) . Levivirus contains Leviviridae subgroups I and II, while Allolevivirus con-tains subgroups III and IV. The key trait on which the F ϩ -specific RNA coliphage approach of source tracking is based is that subgroups I and IV are predominantly isolated from nonhuman feces, while subgroups II and III are predominantly isolated from human feces and sewage (9, 23) . This segregation appears to hold worldwide, which is a great advantage over the other techniques in use.
One of the current limitations of the F ϩ -specific RNA coliphage approach is their low concentrations in the environment. Because the concentrations of these phages in water samples is low, enrichment assays are recommended (30) and deployed (14) for their detection, but this method of coliphage amplification has an inherent bias as a result of differential burst size and infection efficiencies among the subgroups (10) . In addition, loss of phage infectivity in the environment reduces the sensitivity of culture-based assays. Therefore, a sensitive, culture-independent method is needed in order to make the coliphage approach a useful tool for microbial source tracking. We developed a novel molecular beacon-based multiplex real-time reverse transcriptase-PCR (RT-PCR) assay for quantification and identification of F ϩ -specific RNA coliphages from the environmental samples for this purpose.
MATERIALS AND METHODS
Bacterial and coliphage stocks. E. coli HS(pFamp)R was propagated on tryptone broth and used as a host for all coliphage cultures. Seven F ϩ -specific RNA coliphage stocks, MS2 (2), GA (2), Q-␤ (2), and FI (1), were used to test the real-time RT-PCR protocol as well as to evaluate its specificity and efficiency.
Genome sequences. All sequences available for F-specific RNA coliphages were downloaded from GenBank and used for primer and beacon design. In addition, the genome of FI was sequenced (Beckman Coulter CEQ 8000 Genetic Analysis System; Fullerton, CA) (see the supplemental material).
Primers and molecular beacons. The alignment of sequences revealed high levels of variability. The primers and beacons were positioned in the replicase gene for subgroups I, II, and IV and in the coat protein gene for subgroup III because of the relatively small amount of sequence variation encountered in those areas. All oligonucleotides were designed using primer3 and mfold 3.11 (26, 29, 40) . The primer and beacon sequences were verified to be subgroupspecific using GenBank's BLAST (1) . The specifications of primers are given in Table 1 , and molecular beacons are given in Table 2 .
Initial primer and molecular beacon specificity tests. RNA was extracted from phage stocks using TriReagent LS (MRC Inc., Cincinnati, OH) according to the manufacturer's protocol, with modifications (see the supplemental material). The RT-PCRs were performed using a ProStar Ultra HF RT-PCR System (Stratagene, La Jolla, CA) on Programmable Thermal Block II (Lab-Line, Melrose Park, IL). The RT-PCR products were sized on 3% agarose gels stained with ethidium bromide (2 g/liter) and visualized with UV excitation. The functionality and specificity of molecular beacons was verified using melting curve analyses. All reactions were conducted in 1ϫ Core PCR Buffer (4 mM (ii) DNA standards. RNA extracted from coliphage stocks was amplified using the RT-PCR protocol specified above. PCR products were cleaned using a QIAquick PCR purification kit (QIAGEN, Valencia, CA) and quantified using a Quant-IT kit (Invitrogen, Carlsbad, CA) on the Wallac Victor 2 1420 Multilabel Counter (PerkinElmer Life Sciences, Wellesley, MA) according to the manufacturer's protocols.
Optimized real-time RT-PCR protocol. A 2-Step Brilliant QRT-PCR Core Reagent kit (Stratagene, La Jolla, CA) was used for all real-time RT-PCRs. The optimal (see the supplemental material) multiplexed RT reactions (10 l) contained 100 nM of subgroup I reverse primer, 100 nM of subgroup II reverse primer, 100 nM of subgroup III reverse primer, 200 nM of subgroup IV reverse primer, 4 mM deoxynucleoside triphosphate, and 10 U of StrataScript reverse transcriptase in 1ϫ Core RT Buffer. The optimized multiplexed real-time PCRs (50 l) contained 100 nM of subgroup II forward and reverse primers, 100 nM of subgroup III forward and reverse primers, 100 nM of subgroup IV forward primer, 200 nM of subgroup IV reverse primer, 200 nM of each molecular beacon, 4 mM deoxynucleoside triphosphate, and 5 U of SureStart Taq DNA polymerase in 1ϫ Core PCR Buffer (4 mM MgCl 2 ). RT reactions were performed on Programmable Thermal Block II (Lab-Line, Melrose Park, IL) and were incubated at 48°C for 1 h, followed by the reverse transcriptase inactivation at 95°C for 3 min. Real-time PCRs were performed on an MX4000 (Stratagene, La Jolla, CA). Thermal cycling consisted of an initial cycle of 95°C for 10 min, followed by 40 cycles of 1 min at 95°C, 30 s at 60°C, and 1 min at 72°C. Sensitivity tests. Quantified DNA was serially diluted at concentrations from 10 7 to 10 1 copies of each subgroup. Simultaneously, additional sets of tubes were seeded at 50 copies of DNA of one subgroup and 10 7 copies of each of the three other subgroups. Three replicate experiments were conducted.
Standards. Because RNA is more labile and contamination from host RNA contamination can bias quantification, DNA standards were evaluated as an alternative by comparing amplification efficiencies of multiplexed real-time PCRs with RNA standards. This comparison was carried out in three replicate experiments.
Coliphage survival. The performance of the real-time PCR technique compared to the culture-based double layer agar technique (DAL) was tested using survival experiments by spiking polypropylene tubes containing 10 ml of filtered (0.45 m) seawater with a coliphage stock (ϳ10 6 PFU/ml). Triplicate experiments were conducted with each subgroup. The samples were incubated away from direct sunlight at ambient room temperature (21 to 23°C). Samples were assayed for infective phages using the DAL technique and for total phage concentrations using the real-time RT-PCR technique at 24-h intervals. Volumes tested by the DAL technique varied; initially, 1:100 dilutions were necessary. The sample volume analyzed using real-time RT-PCR was 0.1 ml. The sample was considered to be negative based on the DAL when no phages were present in 1 ml of sample. An additional direct real-time RT-PCR assay was performed after 20 days. The decay constant was estimated for each replicate as a slope of a first-order linear regression line fitted to log-linear plots (ln). The real-time PCR data did not fit to the linear regression model, and the decay constant (k) was calculated as k ϭ ln[(C 0 /C t )/t x ], where C 0 is initial coliphage concentration and C t is coliphage concentration at a given time (t x ) during the experiment (22) .
Field samples. The culture-based, DAL method was used to confirm high concentrations of F ϩ -specific RNA phages in a raw sewage sample from the Narragansett Wastewater Facility (Rhode Island) and a chicken stool sample (Casey Farm, Saunderstown, Rhode Island) diluted in 5 ml of filtered (0.2 m) and autoclaved seawater. Twenty phage isolates, which did not form plaques in the presence of RNase, were typed from each sample using the real-time RT-PCR protocol. In addition, F ϩ -specific RNA coliphages were quantified directly from the mixed samples using the RT-PCR assay. The slurries were vortexed and centrifuged at 3,000 ϫ g for 10 min to remove larger solids. Supernatant of both samples was mixed at ratios of 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75, and 0:1 (vol:vol), followed by RNA extraction (as described above) and real-time RT-PCR quantification. Initial phage concentrations were determined by using a serial dilution of 1 ml for DAL and 0.1 ml for RT-PCR, and the results were normalized to phage per milliliter. PCR inhibition. Samples of different origin (commercial drinking water, freshwater pond, seawater, and cat and cow feces [0.5 g wet weight/ml]) were verified to contain no detectable levels of F ϩ -specific RNA coliphages using DAL and real-time PCR techniques and subsequently seeded with a cocktail of coliphage stocks, i.e., 171.7 ϫ 10 4 , 114 ϫ 10 4 , 6.7 ϫ 10 4 , and 3.5 ϫ 10 4 copy/ml final of subgroups I, II, III, and IV, respectively. Phage stocks were mixed and diluted in SM buffer (28) parallel to other treatments and used as controls of initial concentrations. RNA was extracted from each treatment using a TriReagent LS extraction protocol and quantified using the real-time RT-PCR protocol specified above. Quadruplicate experiments were conducted for each treatment.
Statistical analyzes. Real-time PCR data were analyzed using MX4000 v.4.20 software (Stratagene, La Jolla, CA). Briefly, the baseline was corrected using the default adaptive baseline algorithm, and the threshold was manually adjusted by visually analyzing log-scale amplification plots. Linear regression analyses were applied to calculate the standard curve and estimate the r 2 and slope values. Assuming 100% efficiency if DNA template is doubled in each cycle, the PCR efficiency was calculated as E ϭ 10 (Ϫ1/slope) Ϫ 1, where E is PCR efficiency. One-way analysis of variance was used to calculate the F statistic and corresponding P value in survival and inhibition experiments. Pair-wise multiple comparisons were performed using a "Student" t test, and Bonferroni correction (␣ ϭ 0.05) (39) was applied to identify which treatment was different. Differences were concluded to be significant when P Յ 0.05 after adjusting for multiple tests; adjusted P values are reported. The number of pair-wise comparisons made (n) was 6 for survival studies and 15 for inhibition studies. SigmaStat v.9.0 (Systat Software Inc, Point Richmond, CA) was used for the analyses.
Nucleotide sequence accession number. Final alignments and the sequence of FI were constructed in BioEdit (16) and submitted to the GenBank under accession number EF068134.
RESULTS
Initial primer and molecular beacon specificity tests. Each primer set is subgroup specific, yielding a single RT-PCR product of the predicted size. No amplification occurred using RNA of subgroups not matched to the primer set as a potential template (Fig. 1) . RT-PCRs containing all primer sets and RNA of only one subgroup at a time also resulted in a single amplicon per reaction. There was a strong signal for each molecular beacon in the presence of matching template, while the cocktail of nonspecific templates did not result in hybridization when the temperature was decreased during the melting curve analyses (Fig. 2) . Therefore, this set of molecular beacons is functional, template specific, and lacks cross-hybridization.
Simplex versus multiplex real-time RT-PCR. The correlation coefficients of the simplex reactions were 0.998 to 1.000, and efficiencies were in the range of 95.1 to 103.5%. The correlation coefficients for multiplexed (fourplex) reactions were 0.997 to 1.000, and efficiencies were in the range of 95.4 to 101.9%. As both parameters did not vary more than 5% for each subgroup between the reactions, multiplexing was considered a valid option. RNA versus DNA standard. The RNA-and DNA-based standard curves had similar amplification efficiencies, indicating that both types of standard are suitable for this assay. The correlation coefficients were Ͼ0.995, and the reaction efficiencies range from 97.2 to 103.3%.
Sensitivity of the real-time RT-PCR protocol.
As few as 10 copies of DNA were detectable, and the standard curves of the multiplexed reactions remained linear over six orders of magnitude. Fifty copies of each subgroup remained detectable when 10 7 copies of the three other subgroups were added to the RT-PCR.
Phage survival. F ϩ -specific RNA coliphages of all four subgroups were inactivated in less than 7 days in filtered seawater (Fig. 3) . The inactivation of coliphage subgroups was more rapid than in a previous freshwater-based study (20) , where subgroup I remained detectable for more than 80 days by single agar layer (SAL). While the phages were inactivated rapidly, there was little decrease in real-time PCR signal (Fig.  3) , and the real-time RT-PCR assay was able to detect all four subgroups after 20 days. The decay constant for coliphage infectivity was in the range of 2.09 to 3.97 day Ϫ1 , whereas the mean decay constant of the intact coliphage genome in seawater was in the range of 0.81 to 1.51 day Ϫ1 (Table 3) . Subgroup   FIG. 3 . Inactivation of F-specific RNA coliphages in seawater (F, subgroup I infective; ■, subgroup II; , subgroup III; OE, subgroup IV) and the quantity of the phage particles detected using the real-time RT-PCR protocol (E, subgroup I; ᮀ, subgroup II; ƒ, subgroup III; ⌬, subgroup IV RT-PCR). Symbols indicate the means, and bars indicate the standard errors. The detection limit of the DAL assay was 1 PFU/ml, which corresponds to Ϫ6 on the y axis.
FIG. 2.
Melting curves demonstrating the specificity of each molecular beacon (■, matching template; ƒ, mismatching template cocktail; E, no template control). At high temperature the stem hybrid structure of a beacon is dissociated. As the temperature decreases the beacon hybridizes with the specific template (■), forcing the stem hybrid to remain dissociated and, therefore, producing a fluorescent signal. Treatments with templates of other subgroups (ƒ) do not exhibit an increase in fluorescence, as the beacon forms closed stem-loop structure. IV exhibited a significantly higher loss of infectivity (P values ranged from Ͻ0.001 to 0.001 depending on the test; n ϭ 6) compared to other subgroups based on the DAL technique. While subgroup IV is known to exhibit rapid inactivation (20) , the subgroup III decay rates were not significantly different from subgroups I and II in any of the tests conducted. The real-time PCR-based decay constant was not statistically different among the four subgroups at the end of the experiment. Phage discrimination. The real-time RT-PCR assay was successful in detection and quantification of F ϩ -specific RNA coliphage groups originating from different sources in mixed samples (Fig. 4) . The proportion of each subgroup of coliphage correlated with the initial dosage of sewage and stool slurry mixed. Raw municipal sewage contained high concentrations (1.1 ϫ 10 4 phage/ml) of subgroup III phages (conventionally assigned as human source), and chicken stool samples contained lower concentrations (1.3 ϫ 10 3 phage/ml) of subgroup I phages (conventionally assigned as nonhuman source). These findings were supported by the isolates typed using this realtime RT-PCR technique from unmixed samples; 20 isolates from the raw sewage all belonged to subgroup III, and 20 isolates from the chicken stool belonged to subgroup I. The concentrations based on the culture technique (6.4 ϫ 10 3 PFU/ml and 5.7 ϫ 10 2 PFU/ml, respectively) were approximately half the concentrations tested directly by the RT-PCR (sensitivity, 0.5 PFU/reaction).
PCR inhibition. There were significant differences between the treatments for each subgroup. Compared to the baseline estimates (SM buffer), coliphage concentration estimates of all subgroups were significantly different in saltwater and in both fecal slurry samples studied (subgroup I, P Ͻ 0.001; subgroup II, P Ͻ 0.001; subgroup III, P Ͻ 0.001; and subgroup IV, P ϭ 0.015 [saltwater], P ϭ 0.014 [cow], and P ϭ 0.016 [cat] [n ϭ 15 samples for each subgroup). The freshwater sample matrix revealed significant deviation from the baseline estimates for subgroups I and II (P ϭ 0.031 and 0.005; n ϭ 15). The estimates of coliphage concentrations were reduced 29.9 to 46.7% for drinking water, 45.8 to 62.9% for freshwater, 90.5 to 94.3% for saltwater samples, and 92.5 to 97.0% for the fecal slurry samples compared to the baseline (Table 4) . While there were significant differences between the treatments, the initial ratio of the subgroups was maintained in each treatment (Table 4) .
DISCUSSION
Many approaches to microbial source tracking have been pursued over several decades. The use of F ϩ -specific coliphages, while promising, has been hampered by the relatively low abundance of these viruses in the environment. Culture-based enrichment assays designed to overcome the low abundance introduce a bias that renders this approach ineffective. PCRbased techniques can be more sensitive and rapid than culturebased techniques and have been used successfully to detect a variety of microorganisms in environmental samples. RT-PCR protocols for detection of F ϩ -specific RNA coliphages on group and subgroup levels exist (36) . Also, quantitative most probable number-PCR has been described for F-specific RNA coliphages (27) . More recently, real-time PCR has become a method of choice to quantify nucleic acids as a result of its simplicity and reproducibility (37) . The real-time RT-PCR technique described here allows for rapid quantification of all four subgroups of F ϩ -specific RNA coliphages in a single tube. This ability allows for streamlining sample preparation and a reduction in cost relative to performing four separate real-time RT PCRs, as reagents common to all reactions are conserved. Culture-based assays using the F ϩ -specific RNA coliphages suffer from the fact that these phages are rapidly inactivated when released into the environment. Using the real-time RT-PCR protocol, it was possible to detect and quantify the phages throughout the survival experiment, even after no infective phages were detected. This greatly increases the sensitivity of the real-time PCR-based method compared to most culturebased methods.
Inactivation rates of different groups of viruses are functions of temperature (38) and the presence of microorganisms (11) and sunlight (33) . In saltwater, F ϩ -specific RNA coliphages were inactivated faster than in lake water (20) . It is plausible that ions (Na ϩ and Mg 2ϩ ) have negative impacts on survival rates of F ϩ -specific RNA coliphages. It has been shown that the presence of calcium ions increases MS2 decay rates, although the actual calcium concentration had no significant correlation with the decay rate (38) .
Inactivation rates differ significantly among the subgroups, thus altering the initial ratio of coliphages (20) . Findings in this study agree with this conclusion. Contrary to the culture-based estimates, the real-time RT-PCR data showed no significant differences among the decay constants of the subgroups, thus preserving the initial ratio throughout the duration of the experiment. Therefore, in saltwater samples, the real-time RT-PCR eliminates environment-based biases associated with the survival characteristics of F ϩ -specific RNA coliphages in the environment as the ratio of subgroups is maintained.
In addition to microbial source tracking, F ϩ -specific RNA coliphages have been suggested as alternative indicators for enteric viruses (4, 6, 17, 34) . Though this function is vastly debatable (13), the total F ϩ -specific RNA coliphage abundance can be obtained for environmental samples by summing the signal from all four subgroups from the multiplexed realtime RT-PCR assay presented here. The increased sensitivity this method provides could result in detecting the coliphages after the health risk has dissipated as a result of the inactivation of the enteric viruses. This study examined a small number of strains during a relatively short timeframe. Therefore, more strains on longer time scales need to be evaluated by the real-time RT-PCR method in parallel with survival experiments with enteric viruses.
The sewage-dosing and the coliphage survival experiments demonstrate that this technique can be used to estimate the relative contributions of F-specific coliphages by various animals as well as detect and quantify phages that may have become noninfective after release to the outside environment. One significant concern is the coelution of PCR inhibitors during the RNA isolation step. This requires a more rigorous RNA cleanup and makes coliphage quantification directly from environmental samples more complicated. In pilot studies, when extracted RNA was cleaned and concentrated from the environmental samples using Croma Spin-1000 (Clontech Laboratories Inc., Mountain View, CA) and Microcon YM-100 (Millipore Corporations, Billerica, MA) spin columns, up to 10 copies RNA/100 ml was detectable, while SAL failed. In this study, the real-time PCR was inhibited in all environmental samples. Therefore, additional cleanup techniques and utilization of extraction and inhibition controls should be considered. Consequently, the total phage particle numbers for raw sewage and chicken stool presented in this paper are estimates.
Without the use of internal controls, this technique would underestimate coliphage concentrations in environmental samples (Table 4) , but it is still orders of magnitude more sensitive than the cultivation-based DAL technique (Fig. 3) . This enables the detection of 0.1 PFU/reaction in seawater and 0.5 PFU/reaction in stool samples. Overall the sensitivities observed were similar to those of traditional RT-PCR protocols developed for the F ϩ -specific RNA coliphages (27) and separately for Q-␤ (subgroup III) (19a) . It is possible that, because of the increased sensitivity, the assay will detect the presence of these coliphages in more animals, thus alleviating the infrequency with which they are isolated. Further studies comparing this technique to SAL assay are warranted.
One-step RT-PCR protocols allow for the analysis of the entire concentrated sample. This method was tested for this application but resulted in low efficiency in multiplexed reactions. Because a two-step RT-PCR protocol was used instead, the volume of the RT product that can be transferred to the PCR step without causing inhibition of the amplification is limited (Յ40%), though the entire sample could be analyzed by performing three separate PCRs of the RT products if so desired.
Although it may turn out that a combination of methods will be required to conclusively answer the difficult problem of microbial source tracking, the use of F ϩ -specific RNA coliphages has great potential among the many alternatives. The real-time RT-PCR protocol for F ϩ -specific RNA coliphages presented here can provide water quality managers worldwide with a rapid and effective tool to help protect the public health.
